Vitamin A and its naturally occurring derivatives 9-cis retinoic acid (9-cis RA) and all-trans retinoic acid (ATRA) exert a variety of biological effects including immunomodulation, growth, differentiation, and apoptosis of normal and neoblastic cells. In order to directly study the effects of these retinoids on macrophage gene expression and lipid metabolism, primary human monocytes and in vitro differentiated macrophages were stimulated with h-carotene, 9-cis RA, and ATRA and global gene expression profiles were analyzed by Affymetrix DNA-microarrays and differentially regulated genes were verified by quantitative TaqMan RT-PCR. Among others, we have identified a strong up-regulation of a cluster of genes involved in cholesterol metabolism including apolipoproteins (apoC-I, apoC-II, apoC-IV, apoE), the scavenger receptor CD36, steroid-27-hydroxylase (CYP27A1), liver X receptor a (LXRa), and ATP-binding cassette transporters A1 (ABCA1) and G1 (ABCG1). Since the CYP27A1 gene displayed the strongest up-regulation on the mRNA level, we cloned various deletion constructs of the promoter region and analyzed the response to retinoids in macrophages. Thereby, a novel retinoic acidresponsive element could be located within 191 bp of the proximal CYP27A1 promoter. To further assess the functional consequences of retinoid receptor action, we carried out phospholipid and cholesterol efflux assays. We observed a strong induction of apoA-I-dependent lipid efflux in stimulated macrophages, implicating an important role for retinoids in cellular functions of macrophages. D
Introduction
The lipid-soluble vitamin A and its derivatives exert a variety of effects on physiological processes such as embryonic development, reproduction, vision, cell growth, differentiation, apoptosis, and inflammation [1] [2] [3] . Retinoids as lipophilic antioxidants have also been implicated in pathophysiological events including antiatherosclerotic processes by limiting oxidation of LDL particles and thus prevention of foam cell formation [4, 5] . In the plasma, vitamin A is bound by retinol-binding protein and after cellular uptake, retinol is converted to the retinoids all-trans retinoic acid (ATRA) and 9-cis retinoic acid (9-cis RA) by retinol dehydrogenases [6] . Retinoids exert their biological effects via high-affinity binding to nuclear receptors [7] . Retinoid X receptors (RXR) are mainly activated by 9-cis RA, whereas retinoic acid receptors (RAR) can be bound by 9-cis RA and ATRA [8] . Although retinol and h-carotene are only marginally metabolized to ATRA and 9-cis RA, these retinoids display a very high biological activity. Three different proteins of RAR and RXR, a, h, and g have been described with one single gene for each subtype [9] . Upon activation, both receptors after heterodimerization are capable of binding to retinoic acid responsive elements (RARE).
There is upcoming evidence that retinoids may be involved in triglyceride metabolism [10] as well as in cholesterol metabolism [11, 12] . Thus, it has been shown that the thrombospondin receptor CD36, which mediates the uptake of modified LDL particles and fatty acids into cells, is up-regulated by ATRA stimulation of cells from the human promyelocytic cell line THP-1 [12] . Furthermore, mRNA levels of the ATP-binding cassette transporter A1 (ABCA1) were induced in these cells [11] . In primary monocytic cells, up-regulation of ABCA1 by ATRA has been demonstrated for mouse peritoneal macrophages and for human monocyte-derived macrophages [13] . These studies gave first hints that retinoids may have a broader effect on macrophage lipid metabolism than previously expected and that modulation of their effects could be envisioned for treatment of lipid disorders.
Therefore, the present study was performed to test the hypothesis that h-carotene and retinoids may affect macrophage lipid metabolism by modulating the expression of central genes such as apolipoproteins, scavenger receptors, ABC-transporters, and lipid-regulated transcription factors. In addition, we wanted to analyze the apoA-I-specific lipid efflux of retinoid-stimulated cells in order to study whether changes in gene expression translates into altered biological functions important for atherogenic processes.
Experimental procedures

Reagents
9-cis RA and ATRA were from Sigma (St. Louis, USA) and dissolved in dimethylsulfoxide (DMSO). h-carotene was a gift from R. Goralczyk from Roche (Mannheim, Germany) and was reconstituted in phosphatidylcholine (PC) liposomes. Briefly, egg yolk PC was dissolved in chloroform at a concentration of 10 mg/ml with equimolar amounts of h-carotene in a sterile screw cap glass tube and the solvent was removed under a gentle stream of nitrogen to produce a thin film. After addition of phosphate-buffered saline to generate a PC concentration of 10-20 mg/ml and incubation for 1 h at room temperature, the tube was vortexed vigorously to completely resuspend the PC. The suspension was then sonicated until a change from milky to nearly clear appeared containing a suspension of small unilamellar vesicles (SUV).
Cell culture and stimulation
THP-1 cells and RAW264.7 cells were obtained from ATCC (Manassas, USA), cultured in RPMI 1640 medium (Sigma) supplemented with 10% fetal calf serum (Gibco BRL), 100 U penicillin per milliliter, 100 Ag of streptomycin per milliliter, and incubated in 10% CO 2 in air at 37 8C. Human monocytes were obtained from healthy donors by leukapheresis and counterflow elutriation as described previously [14] . The cells were cultured on plastic petri dishes in macrophage SFM medium (Gibco BRL, Karlsruhe) and allowed to differentiate for 4 days in the presence of 50 ng/ml recombinant human M-CSF (R&D Systems, Wiesbaden, Germany). The cells were stimulated as indicated with 5 AM 9-cis RA, 5 AM ATRA, 5 AM h-carotene liposomes, or DMSO and PC liposomes as controls for 24 h.
RNA isolation
Total RNA was extracted from cultured cells according to the manufacturer's instructions using the RNeasy Protect Midi Kit (Qiagen, Hilden, Germany). Purity and integrity of the RNA was assessed on the Agilent 2100 bioanalyzer with the RNA 6000 Nano LabChipR reagent set (Agilent Technologies, USA). The RNA was quantified spectrophotometrically and then stored at À80 8C.
Gene array analysis
Gene expression profiles were determined using Affymetrix HGU133A GeneChips (Affymetrix, Santa Clara, USA), which cover 22283 annotated human genes as described previously [15] . A special biomedical-oriented pathway analysis of significantly regulated genes was performed. All data are expressed as fold changes in transcript levels relative to the control group.
Real-time quantitative RT-PCR (TaqMank) analysis
Real-time quantitative RT-PCR analysis was performed with an ABI7900HT machine (Applied Biosystems). All reagents necessary for running a TaqMank RT-PCR assay including primers and probes were purchased from Applied Biosystems and used according to the manufacturer's instructions. The sequences of forward and reverse primers as well as TaqMank fluorogenic probes for ABCA1 and ABCG1 have been described recently [16, 17] . TaqMan analysis of transcripts for apoC-I, apoC-II, apoC-IV, apoE, CD36, CYP27A1, fatty acid desaturase, insulin-induced gene 1, monoglyceride lipase, liver X receptor a and h, and acyl-Co desaturase was carried out with predesigned and optimized Assays on Demand (Applied Biosystems). Relative quantitation was carried out as described earlier [16] .
Reporter gene assays
Forward primers containing restriction sites for XhoI for the amplification of three deletion constructs of the human CYP27A1 promoter (À1089/+29, À512/+29, À191/+29) were designed on the genomic sequence published earlier [18, 19] . The sequences of the forward primers were 5-gggctcgagctgggatcacgtgtgccaccac-3V, 5V-gggctcgagaagccacacctagcaactcagctg-3V, and 5V-gggctcgagccatcatctacgaaatctggtctc-3V, respectively, and the unique reverse primer was 5V-cccaagcttttctcccaatggccttccggattg-3V. Human genomic DNA isolated from leukocytes using the Qiamp blood kit (Qiagen) served as a template for the amplification of the promoter sequence with the High Fidelity PCR System (Roche). Reporter constructs of the CYP27A1 promoter sequence were cloned by ligation of PCR fragments into the XhoI and HindIII restriction sites of the pGL3-basic vector. The identity of the subcloned DNA fragments was confirmed by DNA sequencing. A promoterless pGL3-basic vector served as a negative control, while a pGL3-control vector that contains the CMV promoter was used as a positive control. RAW264.7 cells were transfected by nucleofection using the AMAXA system (Amaxa, Cologne, Germany), treated with vehicle or stimulated with retinoids for 24 h and luciferase assays and h-galactosidase enzyme assay (Promega) were carried out after 24 h. Each experiment was repeated twice and measurements were done in triplicates.
Cholesterol and choline phospholipid efflux
RAW264.7 mouse macrophages were maintained in RPMI containing 10% FCS in 12-well plates containing 400,000 cells per well. Cholesterol and choline phospholipids were labeled by incubation with 1.5 ACi/ml 14 Ccholesterol and 10 ACi/ml 3 H-choline chloride for 2 days. As indicated for a part of the cells, agonists were added for the last 24 h of the label phase. Cells were then rinsed with PBS and incubated for 24 h in DMEM containing 2 mg/ml BSA with or without 10 Ag/ml apoA-I and the indicated agonists. Efflux of 14 C-cholesterol and 3 H-choline phospholipids from cells was measured by the appearance of Cluster of genes whose transcripts were increased in retinoid stimulated samples compared with control specimens. The control expression values are given for untreated samples. Genes with an average difference intensity of 50 are considered as significantly expressed in the given cell type. The fold change (FC) of gene expression between samples and controls is indicated.
label in the medium. Lipids in the cells and the medium were extracted according to the method of Bligh and Dyer [20] and 3 H-and 14 C-radioactivity was measured by liquid scintillation counting. Lipid efflux was determined as percent fraction of the cpm in media over the total cpm (cpm in media+cpm in cells). Specific lipid efflux was calculated as lipid efflux in the presence of apoA-IFthe indicated agonist minus the efflux in the absence of apoA-I but the presence of the respective agonist.
Results
Retinoids induce genes of human lipid metabolism
In this study, the expression of more than 22,000 known human genes was analyzed by a microarray-based system using Affymetrix U133A GeneChipsk in human monocytes and macrophages stimulated with the retinoids hcarotene, 9-cis retinoic acid and all-trans retinoic acid. As indicated in Table 1 , genes involved in human lipid metabolism were significantly induced by these retinoids. h-carotene had the lowest effects, whereas 9-cis RA and ATRA where nearly equally potent in inducing genes of fatty acid metabolism, cholesterol metabolism, apolipoproteins, and lipid-related transcription factors. Interestingly, both cell types, undifferentiated monocytes and in vitro differentiated macrophages displayed a significant upregulation of mRNA levels of lipid genes even without prior cholesterol loading, which is a known potent stimulus of transcription for these genes including the ABC transporters ABCA1 and ABCG1, and apoE [14, 17, 21] , which implies that retinoids have a strong impact on gene expression in human monocytes and macrophages.
Verification of microarray results in human monocytes stimulated with retinoids
To evaluate the results obtained with DNA microarrays with an independent and more sensitive technique, TaqMan real-time RT-PCR was performed for selected candidate genes in human monocytes incubated in the presence of hcarotene, 9-cis RA, and ATRA (Fig. 1) . Among the genes of fatty acid metabolism, mRNAs of fatty acid desaturase 2 (FADS2), stearoyl-CoA desaturase, monoglyceride lipase (MGLL), and CD36 were clearly inducible by 9-cis RA and ATRA, whereas h-carotene could not significantly upregulate mRNA levels of these genes (Fig. 1A) . The level of gene induction was generally higher with 9-cis RA compared to ATRA. The insulin-induced gene 1 (INSIG), which was slightly up-regulated in DNA microarrays (Table 1, 1.9-fold), was not induced in these experiments compared to control conditions. In the group of cholesterol metabolism genes, a strong up-regulation of ABCA1, ABCG1, steroid-27 hydroxylase (CYP27A1), and liver X receptor a (LXRa) could be observed (Fig. 1B) with 9-cis RA and ATRA. Interestingly, CYP27A1 mRNA levels were considerably increased by h-carotene, which confirms the results from DNA microarrays. As shown in Fig. 1C , the remarkable induction of mRNA expression of apolipoprotein genes after incubation with 9-cis RA and ATRA was confirmed by TaqMan RT-PCR. In addition, although at different levels, mRNA up-regulation by retinoids of the same panel of genes important for cholesterol metabolism could be similarly shown in the promyelocytic cell-line THP-1 (data not shown).
The CYP27A1 promoter contains a retinoic acid response element
The novel finding that h-carotene, 9-cis RA, and ATRA were able to strongly up-regulate CYP27A1 steady state mRNA levels led us to the characterization of the promoter region of the gene. Based on earlier studies describing the activity of the proximal promoter region of the CYP27A1 gene in HepG2 cells [18, 19] , three reporter constructs of various length (À1089, À512, and À191) were tested for their response to 9-cis RA and ATRA (Fig. 2) in macrophages. A significant induction of the CYP27A1 regulatory region could be observed by both retinoids. Interestingly, in good agreement with our mRNA data in primary monocytes/macrophages, 9-cis RA was more potent than ATRA in up-regulating the CYP27A1 promoter (Fig. 2) . Since the shortest construct retained its ability to activate gene expression after retinoic acid treatment, we could identify that the retinoic acid response element is located within the proximal 191 bp of the promoter. Several potential binding sites for RXR/RAR are present in this regulatory region (data not shown) and site-directed mutagenesis is currently being performed to locate the position of the RARE.
Retinoids increase macrophage phospholipid and cholesterol efflux
Finally, in order to analyze whether the increase in gene transcription of important regulators of intracellular cholesterol trafficking by retinoids causes functional consequences, lipid efflux of RAW264.7 macrophages was monitored. Therefore, cells were stimulated with 9-cis RA and ATRA for two different time points (24 h and 48 h) and the apoA-Ispecific phospholipid and cholesterol efflux was investi- gated. The analyzed retinoids significantly induced the efflux of both lipid species to apoA-I as acceptor particle (Fig. 3) . Remarkably, the retinoid response of the cholesterol efflux (Fig. 3B) was larger than the influence on the phospholipid efflux (Fig. 3A) . Furthermore, 9-cis RA was more potent in modulating absolute specific efflux levels than ATRA. These results reveal that the increase in mRNA levels of lipid genes activated by retinoids parallels with a functional response of macrophage cells.
Discussion
In this study, we have comprehensively analyzed the gene expression of monocytes and macrophages stimulated with different retinoids. A synchronously up-regulated cluster of genes important for lipid metabolism has been identified by large scale transcription profiling and verified by real-time TaqMan RT-PCR. Of special interest is the up-regulation of ABCA1, ABCG1, CYP27A1, and LXRa by 9-cis RA and ATRA. Previous reports have shown that ABCA1 and LXRa can be induced at the mRNA and protein level by incubation of murine macrophages and THP-1 cells with ATRA [11, 13] confirming our results. Although Wagsater et al. [11] reported that the amount of ABCG1 mRNA was not changed by treatment with ATRA, our results clearly demonstrate that 9-cis RA and ATRA are potent inducers of ABCG1 transcription in primary human monocytes as well as in THP-1 cells. Furthermore, we report the novel finding that the CYP27A1 gene, which is critically important for the mitochondrial conversion of cholesterol to 27-hydroxycholesterol in monocytes and macrophages, is highly induced by all analyzed retinoids including h-carotene. Since LXRa is also up-regulated by retinoids, this could imply that an indirect oxysterol-dependent activation of these genes via LXRa and 27-hydroxycholesterol as newly synthesized ligand could be elicited by retinoids. However, recent data suggest that at least for the ABCA1 gene, direct binding of RAR/RXR heterodimers to the DR4 element in the promoter is the most important signaling pathway predominating over LXR-dependent mechanisms [13] .
A major side effect of retinoids including ATRA, which is used as therapeutic agent for the treatment of several forms of cancer [22] , is the development of hypertriglyceridemia. In our results, we could observe a common induction of fatty acid metabolism genes (fatty acid synthase, fatty acid desaturase 2, monoglyceride lipase), apolipoprotein genes (apoC-I, apoC-II, ApoC-IV, and apoE), and the master regulator of fatty acid gene transcription sterol regulatory element binding protein 1c (SREBP1c), which is in agreement with previous results, demonstrating that hepatic apoC-III transcription is mediated via the RXR-specific agonist LG1069 [23] . In this line, Costet et al. [13] have also noticed a slight increase in SREBP1c transcription in mouse macrophages stimulated with ATRA. Within the group of upregulated genes, CD36 is an important molecule related to the pathogenesis of atherosclerosis. CD36 has been shown to mediate uptake of modified lipoproteins as well as fatty acids and RAR-mediated induction of CD36 transcription has been shown in THP-1 cells [12] . We also observed a significant induction of CD16 and CD14 gene expression (data not shown). The glycosylphosphatidylinositol-anchored receptor CD14 plays a major role in the inflammatory response of monocytes to lipopolysaccharide; thus, the generation of potentially proinflammatory signalling mechanisms could be elicited by retinoids in monocytes. Furthermore, up-regulation of Acyl-coenzyme A: cholesterol acyltransferase 1 (ACAT1) by ATRA in THP-1 cells may cause storage of cholesteryl esters in lipid droplets [24] . These findings collectively have encouraged the hypothesis that retinoids and RAR/RXR-mediated gene induction may promote foam cell formation and inflammation and thereby favour the development of atherosclerosis. However, our findings that genes important for lipid efflux such as ABCA1, ABCG1, CYP27A1, LXRa, and apoE are very effectively upregulated by retinoids point out that the net effect of stimulation with these compounds may not result in an augmented uptake and storage of lipids in monocytes and macrophages. This is also supported by our studies on cellular lipid efflux. Macrophages incubated in the presence of 9-cis RA and ATRA showed a very strong induction of both phospholipid and cholesterol efflux to apoA-I as an acceptor counterbalancing potential esterification and storage mechanisms.
In conclusion, retinoids are very potent inducers of genes related to human lipid metabolism and especially of genes involved in reverse cholesterol transport associated with increased macrophage lipid efflux. Based on these findings, the development of selective retinoic receptor agonists promoting the up-regulation of antiatherogenic genes without influencing the levels of genes involved in triglyeride metabolism may be a useful tool for the treatment or prevention of atherosclerosis.
